The MO spectra of GMR structures with capping layers, Si/SiO2/bottom electrode/TbFeCo (9 nm)/Cu (4 nm)/ Co (0.1 nm)/Pt (1.1 nm)/(Pt (1.1 nm)/Co (6 nm)!4)/cap (cap = Ta, Au, Pt (3 nm)), were studied. We found that the optical constants and Kerr spectra exhibited different behaviors for all samples. The differences in the optical constants of these samples were analyzed by means of optical simulation. The MO spectrum is discussed in terms of simulation carried out by the virtual optical constant method for (PtCo)/cap (cap = Ta, Au, Pt (3 nm)).
Introduction
Optical modulating devices with high-speed switching times and high resolutions of pitch of less than 1 µm are required to achieve ultimate three-dimensional displays utilizing holography. Spintronic devices, such as giant magnetoresistance (GMR) and tunnel magnetoresistance (TMR) devices, driven by spin transfer switching are promising candidates because these devices are capable of high-speed operation with their small size of less than 1 µm 1) . However, the magneto-optical (MO) effect, i.e., Kerr rotation or Kerr ellipticity, utilized to modulate light intensity is usually smaller than 1º even for MO materials, while liquid crystal devices achieve 90º for the rotation angle of polarization. In addition, these devices have complicated structures, e.g., consisting of a bottom electrode, pinned layer, nonmagnetic layer, free layer, capping layer, and top electrode, and their thickness is thin enough for visible light to pass through them. Therefore, the MO effect of these devices has to be investigated to attain sufficient optical modulation. We have already reported that 3-nm-thick capping layers affect the MO spectra and optical properties of GMR structures 2) . This paper reports the analysis of optical constants and MO spectra of GMR structures with different capping materials.
Experiments

A
Pt/Co GMR structure, Si/SiO2/bottom electrode/TbFeCo (9 nm)/Cu (4 nm)/Co (0.1 nm)/Pt (1.1 nm)/(Pt (1.1 nm)/Co (6 nm)!4), with perpendicular magnetic anisotropy was deposited on a Si/SiO2 substrate by DC magnetron sputtering with a base pressure of less than 2 ! 10 -6 Pa. The film was annealed in vacuum at 190ºC for an hour in the absence of a magnetic field. The magnetic properties of the films were not expected to change after a dry photoresist process at 190ºC due to this annealing process. Finally, a capping layer (Ta, Au, Pt) with a thickness of 3 nm was deposited on top of the films.
The Kerr rotation spectra were measured by an MO spectrometer using the polarization modulation technique with a wavelength between 260-900 nm. MO spectra were obtained as an average of two spectra measured with magnetic fields of ±2 kOe to measure the Kerr rotation of the free layers, which is sufficiently higher than the coercivity of the free layers (~ 1 kOe) and lower than that of the pinned layers (> 5 kOe).
Optical constants, refractive indices ! n and extinction coefficients ! k , were measured by using an ellipsometer (Horiba Jobin Yvon: MM-16) with a wavelength between 430-700 nm, and these were analyzed by optical simulation using software (Horiba: Delta Psi 2) . The structure of a Si sub./SiO2/X/capping layer was assumed in order to simplify the optical analysis.
The optical constants of the X layer consisting of the bottom electrode/TbFeCo (9 nm)/Cu (4 nm)/Co (0.1 nm)/Pt (1.1 nm)/(Pt (1.1 nm)/Co (6 nm)!4) were deduced from that of the GMR film with the Pt capping layer by using the ellipsometer 2) . The optical constants of Au, Ta, and Pt used in the optical analysis were measured for each film deposited on the Si substrate with the ellipsometer, and those of Si and SiO2 were obtained from a published report 3) .
The magneto-optical spectra were calculated with the virtual optical constant method 4) , where the capping layer with complex refractive index ! ˆ n 2 and thickness 
Here,
and ! " ± = 2#ˆ n 2 d 2 / $ , where the signs denote right and left circular polarizations. Kerr rotation and ellipticity are given as the real and the imaginary parts of the complex by
where
A model consisting of a capping layer and PtCo bulk was used in this study. The reason we used PtCo alloy instead of a Pt/Co multilayer was that PtCo alloy has similar optical properties to those of the Pt/Co multilayer, which we did not have. Figure 1 shows the refractive indices and extinction coefficients for three samples with different capping layers (Ta, Au, and Pt) measured by means of ellipsometry. We found that they had different values and structures, although the main difference was only in the kinds of materials used for the 3-nm-thick capping layers. To find what effects the capping layers had, we analyzed these spectra as the samples consisted of a Si/SiO2/X (bottom electrode/TbFeCo/Cu)/capping layer.
Results and discussion
Optical constants of GMR structures
The optical constants of the GMR structures were reconstructed from the simulation using these Si, SiO2, X elements obtained from the GMR structure with the Pt capping layer, and the Ta/Ta2O5, Pt, Au and Ta capping layer as seen in Fig. 2 . The Ta capping layer does not correspond to the experimental results. However, this agrees well with the experimental data in Fig. 1 if oxidization in the upper part of the Ta layer is assumed, where the thickness of Ta is 0.95 nm and that of and Ta2O5 is 2.1 nm. Consequently, we found that the differences in the optical constants of the GMR structure with the capping layers could be explained by using the optical constants of the capping layers. Figure 3 shows the Kerr rotation spectra of free layers with different capping layers of Ta, Au, and Pt, which has been reported 2) , and Figure 4 shows the Kerr ellipticity of the same samples. Features that peak around 4 eV in Kerr rotation and those that increase with photon energy in Kerr ellipticity are similar to those in Pt/Co multilayers previously reported 5, 6) . These results indicate that the Kerr spectra in Figs. 3 and 4 have characteristics of the Pt/Co multilayer used as free layers. However, we found that the values for Kerr rotation and peak positions seemed to depend on the capping layer materials. The peak positions of those spectra are 4.1, 4.3, and 3.8 eV, and the values of maximum Kerr rotation are 0.35, 0.25, and 0.23 degrees for samples with Ta, Au, and Pt capping layers, respectively. Kerr ellipticity also seems to depend on the materials for the capping layers. To better understand the differences in Kerr rotation and Kerr ellipticity, the MO spectra of the PtCo alloy with a capping layer of Au, Pt, Ta, and Ta (0.9 nm)/Ta2O5 (2.1 nm) with a thickness of 3 nm were calculated using the virtual optical constant method. The calculated Kerr rotation and Kerr ellipticity are shown in Figs. 5 and 6. The values of Kerr rotation for PtCo/Ta/Ta2O5 are larger than those for PtCo with higher photon energies above 3.5 eV, while those for Pt, Au, and Ta are smaller than those for Pt Co/Ta/ Ta2O5 between 1.5 and 5 eV. In addition, the values for the ellipticity of PtCo/Ta/Ta2O5 are higher than those for Pt, Au, and Ta above 3.5 eV. However, the values for both Kerr rotation and Kerr ellipticity for PtCo/Ta are smaller than those for PtCo/Ta/Ta2O5 and do not agree with the measured data in Fig. 3 , indicating that the surface of Ta is oxidized as previously mentioned.
The values for calculated Kerr rotation For PtCo/Au are larger than those for PtCo/Pt, while the values for both calculated Kerr ellipticity spectra are similar.
The results for Kerr rotation are consistent with the experimental data in Fig. 3 . However, the relative peak positions in the Kerr rotation spectra are different, i.e., the peak position for PtCo/Au is lower than that for PtCo/Pt in Fig. 3 , and their relation is opposite in Fig. 5 . The reason that PtCo/Au and PtCo/Pt have similar ellipticity spectra is because the optical constants, and , of Au and Pt have similar values for a photon energy from 4-5 eV.
The peak positions in the Kerr spectra could not be reproduced in our simulation and the ellipticity spectra could not be fully explained. This suggests that Au, Pt, or Ta affects the electronic structure of PtCo underneath the capping layer. We believe that this can happen, since it is known that the metallic multilayer has a peculiar electronic structure that cannot be merely explained by assuming the stack of metals observed in Pd/Co and Fe/Au multilayers 7, 8) . 
Summary
MO and optical properties of the GMR structures with different capping layers with a thickness of 3 nm were studied. The optical simulation was revealed that the optical constants of the GMR structures could be explained by using those of the capping layers of Au and Pt. For Ta, the calculated spectrum agreed with the experimental data by assuming an oxidation of Ta. For MO spectra, the simulation reproduced that the large Kerr rotation for Ta capping layer by assuming the surface of Ta was oxidized and the small Kerr rotation for Pt capping layer. On the other hand the peak shift in Kerr rotation spectra could not be explained.
